[1] Seismic images of Cretaceous slow spreading crust from the eastern Central Atlantic provide new constraints on the process of seafloor spreading and the importance of detachment faulting. The seismic depth sections image detachment faults that appear to have exhumed footwall massifs of similar geometry to massifs of plutonic and mantle rocks mapped at the present Mid-Atlantic Ridge. The detachments are consistent with the structure and microearthquakes of the Mid-Atlantic Ridge at 26°N, with the footwall rotation inferred from paleomagnetic data and with numerical modeling of oceanic detachments. Other seismically imaged detachments have similar dimensions and geometry, but are covered by a layer of small fault blocks. The detachment types differ in whether or not the fault locks up in the subsurface, probably controlled by the fault strength, the elastic thickness, and whether the exhumed footwall is partly covered by basalts. Toward the segment middle, decreasing mantle serpentinization, decreasing elastic thickness, and thicker median valley basalts all increase the likelihood that the fault locks up, and a new fault propagates upwards from the still active root zone, transferring a slice of the hanging wall to the footwall, to be rafted with the footwall out of the median valley. As a result an oceanic detachment fault, exhuming the footwall at a segment end to form an oceanic core complex, may disappear laterally beneath rafted blocks; detachment faulting may be more widespread at slow spreading ridges than interpreted from seafloor mapping.
Introduction
[2] At slow spreading ridges, large offset normal faults, termed oceanic detachment faults, thin the crust to form asymmetric mid-ocean ridge (MOR) structures. An oceanic detachment fault is typically located on one MOR flank where it exhumes plutonic lower crust and mantle rocks, which form a domal massif, termed an oceanic core complex (OCC) by analogy with metamorphic core complexes [Cann et al., 1997; Tucholke et al., 1998; Dick et al., 2008; Dannowski et al. 2010] . The upper surface of the massif is commonly marked by a series of spreading parallel striations and corrugations (Figure 1 ), thought to indicate the transport direction of the hanging wall relative to the footwall [Cann et al., 1997; Tucholke et al., 1998; Blackman et al., 1998 ]. The Kane Megamullion is semioval, elongated by a factor of just under 2 in the isochron (strike) direction, dying out laterally in an area of reduced topography marked by small faults. This may be a transfer zone of some sort. (c) Roughly circular OCC at 22°15 N [Dannowski et al., 2010] is replaced to the north and south by faults spaced 2-5 km apart with a maximum peak-trough topography of ∼500 m. Note developing largeoffset fault on eastern flank of the median valley: this may be an incipient OCC. White lines show locations of bathymetric profiles shown in Figures 8, 9, and 10. show that the corrugated and striated surfaces are the slip surface of large-offset brittle faults that cut to depth beneath the median valley. Palaeomagnetic studies have shown that the faults were active at moderate to steep angles (45°-60°) and were rotated to their current low-angle orientation [Garcés and Gee, 2007; Morris et al., 2009] . This geometry is consistent with a rolling hinge model in which a steep fault rotates to low angle as the footwall is flexurally unloaded [Morris et al., 2009] . [4] Although the dimensions of the corrugated surfaces demonstrate the importance of very large offset normal faults at the end of the spreading segments, tectonic extension toward the middle of the segments is generally thought to be accommodated along steep, comparatively small offset, normal faults [Shaw and Lin, 1993] . However, it is not clear how the transition from an oceanic detachment to such an array of smaller faults can occur without leading to strain compatibility problems. In this paper we propose that detachment faults observed as corrugated surfaces at the ends of segments may extend laterally toward the middle of the segments where they are overlain by small fault blocks that are part of the same fault system. In particular, we explore the possibility below that OCCs are simply those places where a laterally more extensive detachment system breaks the surface, elsewhere the detachment being covered by a series of fault blocks.
Seismic Images of Cretaceous Oceanic Detachments
[5] Most work on faulting at MORs has been based on seafloor mapping near the spreading center where the tectonic structure of the igneous crust can be imaged before it is obscured by sedimentary blanketing, but seafloor mapping does not provide information on the structure at depth. This third dimension can be constrained by seismic data, but apart from a survey reported by Canales et al. [2004] (discussed more below), there are few reported seismic images of faulting associated with OCCs at present-day slow spreading ridges, in part due to imaging problems caused by severe scattering of the seismic waves at the seafloor of unsedimented areas at MORs. However, ancient seafloor has been blanketed by sediments, reducing the scattering and hence imaging problems, providing clearer images of ancient oceanic crust that can reveal the geometry of the structures that developed during seafloor spreading.
[6] Most seismic data across oceanic crust have been presented as time sections or depth-stretched profiles, interpreted as showing relatively steeply dipping faults, and interpreted as the deep fault geometry of the common tilted-block MOR seafloor morphology [e.g., White et al., 1994; Ranero et al., 1997a , Singh et al., 2006 . In general, the relationship between the geometry of the deep structure and basement morphology has been little explored, partly because of the difficulty in comparing time sections with depth maps and partly due to the imaging problems prevalent in time sections. Both problems can be reduced by applying prestack depth migration; here we summarize observations made from different surveys over Cretaceous oceanic crust from the eastern Central Atlantic Ranero and Reston, 1999; Reston et al., 2004a] . These data are all close to flow lines ( Figure 2 ) and have all been prestack depth migrated, providing depth images (Figure 3 ) of the eastern half of oceanic crust formed at the Mid-Atlantic Ridge over a period of several millions of years in the Cretaceous.
[7] Two types of "detachment fault" have been recognized on these seismic depth images (Figure 4 ). Convex-up basement highs are bounded on their ridgeward side by reflections that can be traced from the top of the basement into the igneous crust at an angle of 30-45° (Figures 4a and 4b) . We interpret these highs as oceanic core complexes (OCCs) representing the exhumed footwalls of oceanic detachment faults that extend into the basement along dipping reflections labeled F6, F7 and F8 (Figures 4a and 4b) . We trace the exhumed slip surface along the top of basement until there is a distinct change in the dip of the top of basement, the breakaway. Outboard of the breakaway (footwall basement cutoff), the top of basement has been flexurally rotated to form a narrow basin, as observed behind the breakaway at OCCs mapped near the spreading axis . On the ridgeward side of the convex-up highs, we interpret ridgeward dipping reflections to define the faults until they become unclear at depths greater than ∼2 km beneath the top of basement. Previous interpretations [Reston et al., 2004a] proposed that the faults may continue at moderately low angles, but it is also possible that at greater depths the faults become too steep (>45°) to be well imaged; a downward steepening of the fault plane is consistent with other geophysical data as discussed below. The continuation of the fault beneath the top of basement emphasizes that describing the line where the fault dives beneath the hanging wall as the "termination" [e.g., Canales et al., 2008; Blackman et al., 2009; MacLeod et al., 2009 ] is very misleading (Chapman Conference, Cyprus, May 2010) and should be dropped in favor of a term such as "top hanging wall cutoff." The traditional map term "fault trace," which is not generally used on sections, is not appropriate as it cannot be used to describe the geometry of a structure everywhere buried by later sedimentary rock.
[8] The structures described above appear to be detachment faults that have controlled the exhumation of the footwall to form a domal massif, in the same way that detachments appear to form OCCs at active spreading centers. However, in the Cape Verde Abyssal Plain and Canary Basin, depth images along flow lines away from the segment ends reveal subhorizontal structures which we interpret as a second type of detachment fault, occurring beneath a series of small fault blocks (Figures 4c, 4d , and 4e) . Subhorizontal reflections at similar depths in fast spreading crust have been interpreted as the base of the sheeted dikes or a hydrothermal front, and deeper dipping reflections as magmatic layering, possibly modified by shearing [Ranero et al., Figure 2 . Location of seismic images produced by prestack depth migration shown in red relative to the longer profiles. The portion of Canary line C (Figures 3a and 3b ) that images structures F6, F7, and F8 runs just along the inside corner side of a fracture zone, identified in both the gravity [Smith and Sandwell, 1995] and in the offset of magnetic anomalies M0-M21 [Ranero and Reston, 1999] . Profiles BIRPS OCEAN 5 and 7 lie well to the south of a major fracture zone in a region of subdued gravity (subdued topography). 1997b]. However, the subhorizontal structures and their deeper ridgeward dipping continuations imaged beneath the Cape Verde Abyssal Plain are likely to be brittle "detachment faults" Reston et al., 2004a] because they can be traced to apparent breakaways away from the ridge, they appear to mark the lower limit of faults bounding the overlying fault blocks, and they are bounded on their younger side by ridgeward dipping reflections consistent with a more steeply dipping root zone toward the ridge. Furthermore, the geometries of these "detachment systems" (D1, D2, D3; Figures 4d, 4c, and 4e) resemble detachment faults identified at rifted margins [e.g., Reston, 1996; Reston et al., 2004b] and, as discussed below, are consistent with Buck's [1988] rolling hinge model for detachment formation in which the faults form a series of fault segments that are sequentially active and then rotated rather than a single fault surface that moved at low angle.
[9] The dimensions of the D1, D2 and D3 detachment faults imaged beneath the fault blocks are similar to that of the F detachments that defines the top of basement for much of their length (Figure 4 ). Both types of structures cut to 3-5 km depth beneath the top of basement, in the case of D1 and F8 ∼20 km ridgeward from a breakaway where they intersected the top of basement, in the case of D2, D3 and F6, F7, about 7-10 km from the breakaway. At and immediately outboard of the breakaway, the footwall cutoff for F8, F7 and the D structures has been back rotated by ∼25-30°to form a small basin, consistent as discussed below with the flexure of a normal fault. It is thus likely that the two types of detachment fault have a similar origin. If the F structures are detachments that exposed the top of basement at the seafloor during Cretaceous seafloor spreading, it is possible that the D structures and represent the lateral continuation beneath a series of small fault blocks of similar OCC detachments.
Comparison With Model Detachments
[10] The detachment faults interpreted on seismic images can be compared to the geometry predicted by numerical and other models of detachment faults ( Figure 5 ). Such a comparison may test the interpretation of the seismic, provide insight into the interactions between closely spaced detachment faults and the evolution of the detachment systems, provide estimates of the elastic thickness of the lithosphere during detachment formation and constrain the proposed geometry of other detachment faults. We compare (Figures 5a and 5b ) the seismic geometry of the F8 detachment (Figure 4a ), shortened by a factor of 0.96 to allow for 15°between the profiles and true flow lines, with various published numerical models, from Lavier et al. [1999] , Tucholke et al. [2008] , and Schouten et al. [2010] ; the details of the modeling can be found in those papers. Schouten et al.'s [2010] models differ from the others by requiring the detachment to root at an angle ∼60°, in keeping with Andersonian fault mechanics, and in agreement with both the distribution of microearthquakes in the TAG area of the Mid-Atlantic Ridge at 26°N [deMartin et al., 2007] ( Figure 6 ) and with the footwall rotation inferred from paleomagnetic studies [Garcés and Gee, 2007; Morris et al., 2009] . [11] To better fit the seismic geometry, the modeled geometry has where necessary been scaled to reflect different lithospheric elastic thicknesses (T e ). As the flexural parameter which controls the wavelength of the flexure varies as T e 0.75 [Turcotte and Schubert, 2002] , the geometric scaling factor is the change in elastic thickness T e to the power of 0.75. Thus if the T e is reduced by a factor of 2 (scaled by 0.5), the dimensions of the detachment are scaled by a factor of 0.5 0.75 , i.e., by ∼0.6. In models where T e is not defined, the direct geometrical scaling factor is given ( Figure 5 ).
[12] Key points of comparison between the models and the seismic images are (1) the dip of the detachment in the subsurface, (2) the frontal slope of the exhumed footwall, (3) the amplitude of the flexural high, (4) the distance of the top hanging wall cutoff (the fault trace when no sediment is present) from the flexural high and from the breakaway, and (5) the amplitude of the breakaway. The model detachments agree reasonably well with the F8 detachment (Figures 4a, 5a, and 5b): the models predict a similar orientation of the detachment in the shallow subsurface, a similar slope of the ridgeward flank of the flexural high, and a similar height of the flexural high and similar shape of the breakaway. The main discrepancy is the wavelength of the flexure and the height of the breakaway: the models predict a longer wavelength flexure and higher breakaway than is observed, suggesting that the elastic thickness of the model lithosphere was greater than that of the newly formed oceanic plate in the Cretaceous, the litho- Comparison (without vertical exaggeration) between seismic images of Cretaceous detachment faults and geometries of detachments derived from numerical models. T08 is the detachment of Tucholke et al. [2008] produced when magmatism takes up 50% of the plate separation; S10 is from Schouten et al. [2010] , with elastic thickness (T e ) as given. (a) Comparison between the F8 detachment (corrected for ∼15°obliquity to spreading direction) and various models: S10 with T e of 0.5 km after 19 km extension and T08 after 625 kyr. These do not predict the separate highs of the breakaway and the flexural high and have a breakaway that is too high, implying that both may have too high a T e ; a better fit is obtained by scaling the S10 model for a T e of 0.38. (b) Comparison between the F8 detachment (corrected for ∼15°obliquity to spreading direction) and various models: a good fit is obtained by scaling T08 by a factor of 0.72, i.e., scaling its T e by 0.64. Thick gray line is simplified curve of frontal portion of F8 extended to depth for comparison with other data. (c) D1 compared to model of Buck [1988] with T e of 0.25 km and no basin fill. The general decrease in size and then absence of rafted blocks in the Buck model does not agree with the D1 observations. (d) Comparison of D1 with Buck's [1988] variable T e model where the basin is sedimented produces a better fit, implying that the D1 detachment may form where the developing rift is filled with basalt. (e) A similar Buck model can be compared with D2; the main difference is the size of fault blocks.
sphere perhaps having been weakened by the initial bending. Reducing T e improves the fit, but shifts the flexural bulge slightly closer to the hanging wall cutoff compared to the geometry of F8. This might indicate that the elastic thickness is not constant but laterally variable, decreasing as the amount of flexure increases [Buck, 1988] .
[13] The F8 detachment also dips initially at a lower angle than the models of Schouten et al. [2010] , but it should be borne in mind that F8 may steepen as its image disappears with depth. Tracing the detachment as far as the image allows and then gradually increasing the curvature until the detachment dips at about 60°produces a convexup geometry that is consistent with both the seismic and the predictions of fault mechanics. This revised geometry for F8 (Figure 5b ), is also consistent with the geophysical data from the TAG area ( Figure 6 ). Here a detachment geometry has previously been constrained by surface geology, seismic velocity structure and microearthquakes [deMartin et al., 2007] , and interpreted as two gently curved segments joined by a strongly curved middle segment. Blackman et al. [2009] showed that the deMartin et al. interpretation is consistent with the geometry of F8 as interpreted on the seismic [Ranero and Reston, 1999] , with the upper gently curved segment closely following the best imaged subsurface portion of F8 and its emergent continuation. However, the seismic image used by Blackman et al. had not been corrected for the slight (15°) obliquity of the profile [Reston et al., 2004a] . Following the discussion above, we compare the TAG microearthquakes with the more idealized convex-up fault interpretation of F8 (Figures 5a, 5b, and 6), which does include the obliquity correction. The new detachment geometry matches the microearthquake pattern equally well as the deMartin et al. [2007] interpretation while removing the abrupt change in dip and resulting resistance to slip. Furthermore the geometry requires at least 50°of footwall rotation, consistent with the paleomagnetic results of Garcés and Gee [2007] and Morris et al. [2009] . [14] The published numerical models of oceanic detachments [Lavier et al., 1999; Buck et al., 2005; Tucholke et al., 2008; Schouten et al., 2010; Olive et al., 2010] are all for detachments that are not overlain by a thin layer of tilted fault blocks and as such cannot be directly compared with the D detachments imaged on the British Institutes Reflection Profiling Syndicate's (BIRPS) OCEAN profiles 5 and 7 (Figures 4c and 4d) . However, as discussed further below, if the fault locks up in the subsurface, a slice of the hanging wall can be transferred to and rafted with the footwall [Buck, 1988] ; successive slices cover an inactive, passively rotated "detachment fault." The geometry of such a model, with T e of 0.25 km matches the overall scale of the D1 detachment (Figure 5c ), but unlike D1 has a highly distorted hanging wall and a ridgeward reduction in size of transported fault blocks. Furthermore, the flexural high in the model is greater than the doming of D1 beneath its cover of fault blocks. These differences can be reduced if the valley between the hanging wall and footwall is [Blackman et al., 2009] with the geometry of F8 [Ranero and Reston, 1999] . Modified F8 (dashed black) and F6/F7 (broken green) models presented here fit geometry of exhumed footwall, geometry of high velocity footwall, and distribution of microseismicity at depth at least as well as the deMartin et al. interpretation.
continually filled with sediment or, in a ridge setting, with lavas (Figures 5d and 5e) , so that the rafted fault blocks are slices of mainly basaltic fill rather than original hanging wall. The main discrepancy between this model and D1 (Figure 5d ) is now the dimensions and geometry of the fault blocks above the detachment, and the angle at which the detachment roots. Fewer fault blocks are imaged on the seismic, reflecting either a wider spacing between the formation of new hanging wall fault slices or problems imaging all the faulting. The difference in the angle at which the fault appears to root may be a function of the difficulty in imaging the steep structures, but may also result from a subsequent rotation of the root zone in the footwall to a later fault, as discussed below for F6 and F7. Similar comments apply to the comparison between the model in Figure 5e and the D2 detachment. Interestingly, the two models best matching the seismic geometries in Figures 5d and 5e both have laterally variable T e , related to the degree of curvature. Similar variations in elastic thickness T e might improve the already good fit of the constant T e models [Schouten et al., 2010] to the seismic image of the F8 detachment (Figures 5a and 5b) .
[15] The numerical models cannot be directly compared with the geometry of the F7, F6 and F5 detachments as the close spacing of these means that the younger faults have affected the geometry of the older structures through the rotation of the footwall. To illustrate the original geometry of F6 and F7, we show a schematic forward model of the evolution of the F7, F6 and F5 detachments (Figure 7 ). Initially (Figure 7a ), F7 develops, flexes and becomes inactive as continued magmatic spreading moves the root zone away from the ridge axis. A new fault (F6) then develops. Movement along F6 (Figure 7b ) is accompanied by the rotation of the footwall to F6, including the root zone to the abandoned F7 detachment. The footwall directly beneath F6 is rotated the most, the rotation decreasing to zero moving away from F6 toward the breakaway of F7. The root zone to F7 is rotated to a dip of ∼20°: as rotation increases ridgeward (closer to F6), the F7 fault is straightened from its previous convex-up geometry. Flexure of F6 however coupled with continued magmatism (see below) causes the F6 fault to rotate to an angle at which it can no longer slip, so a steep shortcut fault (F5) propagates up from the root zone of F6 through the hanging wall. Movement on F5 thus rafts a block up and out of the median valley, the block being floored by the now inactive and passively rotating F6 detachment (Figure 7c ). This too is rotated to low angle, merging downdip with F5. The result of these three phases of faulting are two convex-up highs faced on the ridgeward side by the exhumed footwall of F7 and F6 both of which continue into the subsurface at low angle, and a rafted block, which together closely resemble the seismic geometry observed on Canary Line C (Figure 7d ). The apparent planar (linear in section) low angle subsurface geometry of the F7 and F6 detachments is the result of the flexural rotation of a convex-up fault in the footwall to a similar convex-up fault. The unmodified geometry of these convex-up faults is not dissimilar to F8, and also provides a reasonable fit to the structure and seismicity of the TAG area ( Figure 6 ).
Comparison of Basement Topography
[16] Previously we have argued [Ranero and Reston, 1999] that the morphology and dimensions of the large F fault structures imaged in the Canary Basin are comparable to those of the seafloor of and around the Atlantis Massif (Figure 8 ) and the Kane Megamullion (Figure 9a ). Here we extend this comparison the 22°12′N OCC ( Figure 10 ) and also compare the bathymetry along strike of the OCC with that above the D detachments.
[17] Three or more parallel bathymetric profiles are taken for each comparison, to demonstrate the consistency of the morphology along strike. The comparison with F6, F7 and F8 are made along bathymetric profiles that are 15°oblique to the flow lines as the Canary C seismic profile is similarly slightly oblique in the region of the F6-F8. However, given the limited lateral extent of the 22°12′N OCC, such an approach would include bathymetry that was not directly ridgeward or directly outboard of the corrugated surface so here we have shortened (to 96%) the length of the seismic structure to correct for the profile obliquity (Figure 10e ). The D detachments are imaged on profiles that are flow lines so here the bathymetric profiles used are also along flow lines. [18] Given the variety of dimensions of OCCs, it is unlikely that all the features of any given OCC can be matched, but key features that are common to most OCCs and also to the numerical models discussed earlier ( Figure 5 ) are the curvature of the ridgeward facing slope of the OCC and the angle at which the slip surface appears to enter the subsurface.
[19] The curvature of the top and the ridgeward facing slope of F8 is similar to those of the Atlantis Massif (Figure 8a ; location of bathymetric profiles shown in Figure 1 ), although the location of the breakaway differs as the two structures are not identical. Similarly, F6 has a similar frontal slope and footwall height as the Atlantis Massif, and is overlain by a rafted block (bounded by F5) of similar dimension to that on the Atlantis Massif (Figure 8b ), but the overall lateral dimension of F6 is smaller as F6 has accommodated far less displacement than the Atlantis Massif detachment. In much the same way, the Kane Megamullion also resembles both F8 and F6 (Figures 9a and 9b) in terms of the curvature of the frontal slope, the angle at which it appears to enter the subsurface (∼20°), but not in terms of the overall dimensions of the OCC as the Kane Megamullion has accommodated much more slip. [20] The core complex at 22°12′N does however have similar dimensions to F8, allowing a fuller comparison (Figure 10e ). Although the geometry of the flexure is not the same, particularly between the flexural high and the breakaway, F8 again closely resembles the 22°12N OCC in terms of the curvature of the frontal slope, the angle at which the detachment enters the subsurface, the overall height of the OCC and its overall wavelength.
[21] These comparisons strengthen our suggestion that F8 is a fully fledged OCC and that F6 (and the neighboring F7) were incipient OCCs before faulting migrated further oceanward (Figure 7) . [22] It is less obvious how to compare the D detachments (Figures 4c, 4d , and 4e) to near ridge structures, as the D detachment are themselves beneath a series of rider blocks. However, one possibility to be explored is that the OCCs are simply places where more extensive detachment systems breaks the surface, and that the lateral continuation of the OCC detachment may be covered in small rider blocks as are the D detachments. We thus compare the basement topography above the D detachments with that along strike of the OCCs, to test the hypothesis that the D detachments may be the along strike equivalent of OCC detachments. Such a comparison cannot prove that the OCC detachments continue laterally in the subsurface, but it does serve to illustrate that possibility.
[23] The Kane Megamullion disappears southwards and is replaced by a more subdued topography of low-amplitude fault blocks. If the detachment were to continue beneath these blocks, its lateral extent would be from the southern continuation of the breakaway to the southern continuation of the ridgeward limit of the corrugated surface in the east. These dimensions (Figure 9c ) agree reasonably well with the overall dimension of D1: detachments of this scale may exist beneath an array of small fault blocks. The overall morphology of the top of basement above D1 resembles that along strike of the Kane Megamullion, apart from one pronounced fault scarp above D1. The match with the more regular spaced faulting above D2 is less good, but the eastern portion of the seafloor south of the megamullion closely resembles that above the D3 detachments. (Figures 4a and 4b) . The basement morphology of the F8 detachment matches the curvature and geometry of the Massif's frontal slope as far as the top of the domal massif reasonably well, and the shape of the breakaway, if not its distance from the hanging wall cutoff. F6 and F5 together match the curvature and geometry of the frontal slope and of the captured rider block, if not the precise position of that block on the underlying detachment. [24] Similarly, we compare the seafloor morphology along strike of the 22°12′N OCC (Figures 10a,  10b , and 10c) with that above the D1, D2 and D3 detachments. To the north of the OCC, the spacing of the fault blocks resembles that above the D2 detachment in particular (Figures 10 b and 10c ). Although these fault blocks are larger that those above D3, the geometry of the breakaway and overall dimensions of the system are similar (Figure 10d ). To the south of the 22°12′N OCC (Figures 10f, 10g, and 10h) the morphology of the basement top is rougher than that observed above either D1 or D2, but some resemblance can still be noticed, for instance in the frontal slope of the fault block above the D2 and D1 root zones (Figures 10f  and 10g) , the height and the tilt of the fault blocks (e.g., Figure 10f and the western end of Figure 10h ) if not always their spacing.
[25] These comparisons highlight that the basement topography above the D detachments is as variable as that along strike of known OCCs. The comparison by no means proves that the OCC detachments continue as D style in the subsurface, but do add credence to the suggestion that they might. D-style Figure 10 . Comparison between the bathymetry over the 22°12′N OCC (e) with F8 and (a, b, c, d, f, g, h) between the bathymetry along strike of the OCC with the D detachments. The match is sufficient to suggest that F8 defines an OCC similar to that at 22°12′N and that detachment faults may occur beneath fault blocks along strike of OCCs. See text for discussion. Figure 11 . Comparison between the bathymetry away from modern OCCs and the topography and fault geometry above subsurface detachments imaged in seismic from the Canary Basin and Cape Verde Abyssal Plain. There is a reasonable match between this bathymetry and the basement topography along BIRPS OCEAN profiles 5 and 7, but not with the basement topography on Canary profile C. The comparison does not preclude the possibility that detachments may occur within the subsurface away from OCCs and thus may be more widespread in slow spreading crust than currently thought. detachments may thus be present beneath the small-scale tilted blocks that typically have been interpreted as a change in dominant fault style along strike of OCCs.
[26] Of course if OCCs are places where a D-style detachment breaks the surface, similar D-style detachments may exist where no OCC is observed along strike simply because that detachment system has nowhere broken the surface. A comparison (Figure 11 ) between the basement morphology of the F detachments shows that the subdued bathymetry away from OCCs does not match the topography of the F detachments but matches the basement topography above the D detachments reasonably well. This implies that detachments such as D1-D3 may exist beneath much of the crust formed at slow spreading rate. However, it should be emphasized that although the bathymetric data do not preclude such a possibility, neither do they strongly support it.
[27] The suggestion that a top of basement fault such as the F detachments may continue laterally beneath small fault blocks toward the center of a segment is supported by the structure of the Atlantis Massif just north of the Atlantis transform (Figure 12 ). Toward the inside corner (before reaching a portion of the Massif affected by slope failure), the corrugated surface is exposed and can be traced almost into the median valley. However, moving away from the transform, the fault disappears beneath a "slipped block" [Cann et al., 1997] well before the edge of the median valley. The continuation of the main fault beneath the "slipped block" has been demonstrated by seismic reflection images [Canales et al., 2004] . However, we propose that the "slipped block" has not slipped, but rather is a slice of the hanging wall transferred to and rafted with the footwall [Ranero and Reston, 1999; Reston and Ranero, 2005; Smith et al., 2006; Smith et al., 2008] by the development of a new fault propagating up from depth in a rolling hinge model [Buck, 1988] (see below). Further north, the bathymetric data (Figure 12) show that the rider block (or blocks) widen northward toward the segment middle, consistent with a northward deepening of the detachment.
[28] In summary, it appears possible that the corrugated slip surface of an OCC continues toward the middle of the segment beneath a series of small fault blocks. A remaining question is how such structures develop and why they should be exposed at segment ends and buried toward segment middles.
5. Discussion: Rolling Hinge "Detachments" [29] "Detachment faults" at segment middles have been interpreted as successive sections of a series of flexed normal faults in a rolling hinge model [Buck, 1988] rooting beneath the median valley at 30-40°. The geometry of the corrugated surface at segment ends [Tucholke et al., 1998; Reston et al., 2004a] is also consistent with a rolling hinge model: the flexural rotation of a single fault rooting beneath the median valley and active at 30-40° [Lavier et al., 1999; Tucholke et al., 2008] or at ∼60° [Schouten et al., 2010] (Figure 13 ). [30] The fundamental difference between the rolling hinge models described by Buck [1988] and those described subsequently by others [Lavier et al., 1999; Buck et al., 2005; Tucholke et al., 2008; Schouten et al., 2010] is whether or not the flexure of the footwall rotates the fault beneath the seafloor to angles too low to be active ( Figure 13 ). This is a function of the angle to which the fault is rotated, and how weak the fault is. If the shallow portion of the fault locks up in the subsurface but the steeper root zone remains active, new faults propagate up from the root zone through the hanging wall, transferring slices of the hanging wall to the foot- Figure 13 . Rolling hinge models for the formation of detachment faults. (a) Simple model of a large offset weak fault [Lavier et al., 1999] , the footwall flexing as it is unloaded. Points where the modeled fault reaches dips of 30°and 40°are marked. As long as the fault is not rotated to an angle at which it should lock up while in the basement, a large expanse of the footwall may be exhumed to form the top of basement. In this model, the locking angle must be <30°as the fault remains active below this angle, meaning that the model applies only if fault strength is dominated by serpentinites, talc or other weak minerals. As a result, the model is labeled "weak fault." Such "top basement faults" form the corrugated surface of OCCs. (b) As in Figure 13a except the dominance of strong fault rocks (perhaps where the country rock is dominated by gabbros and basalts) means the fault locks up at ∼35°. Once the upper portion of the fault locks up, a new fault propagates up from the root zone of the earlier fault, transferring a slice of the hanging wall to the footwall [Buck, 1988] . Movement continues until the new fault also rotates to an angle at which it locks up, requiring a new fault to cut through the hanging wall, again transferring a slice of the hanging wall to the footwall. Continued movement results in a subhorizontal "detachment" never active at low angle, covered with fault blocks, formed as successive slices off the hanging wall [Buck, 1988] . Such covered detachments may lie along strike of corrugated surfaces, the only difference being whether or not slices of the hanging wall have been rafted with the detachment or not. (c) Influence of presence or absence of basin fill. The development of a deep hanging wall basin in the models of Schouten et al. [2010] means that the slip surface is already exhumed when rotated to a locking angle of ∼35°unless the basin is filled by basalts and basaltic rubble, in which case the fault remains in the subsurface beyond its locking angle. Thus in a basalt-filled basin, more likely to be found toward the center of a segment, the fault locks up and a slice of basalt is transferred from the hanging wall to the footwall to be rafted up and out.
wall [Buck, 1988] . These fault slices are then rafted upwards and outwards with the original footwall and as the underlying inactive fault segments are passively rotated to low angle, form a layer of fault blocks on top. The first step in this process has already been discussed with reference to the F6 and F5 detachments (Figure 7) . However, if the fault is not rotated sufficiently to lock up in the subsurface, continued slip on the same surface results in the exhumation of a large expanse of the corrugated slip surface marking the top of the footwall. Thus whether an OCC develops or whether a detachment fault is covered by a layer of rafted blocks, in turn depends on whether the angle to which the normal fault can remain active (the "locking angle") is reached above or below the top hanging wall cutoff.
[31] From classical Mohr-Coulomb considerations, normal faults should be able to remain active at angles as low as perhaps 35° (Figure 13b ), although this can be lower if the stress field is rotated, or if either high fluid pressures or a weak gouge develops along the faults (Figure 13a ). Of these effects, a weak fault gouge is particularly likely to develop near inside corners where talc and serpentinites have been found [Cannat, 1996; Reston et al., 2002 , Dannowski et al., 2010 : even partly serpentinised peridotites have an internal coefficient of friction of about 0.4 and talc is even weaker, allowing normal faults to remain active to perhaps 20-25° . A weak gouge may develop not only if weak rocks form the bulk wall rock if for instance the shear zone wraps around a gabbro body [Ildefonse et al., 2007] , but also if the fault intersects even relatively minor proportions of peridotites: the volume increase during serpentinisation may force the serpentinites into the fault zone to be smeared along the fault by movement and perhaps even to be injected laterally along the fault as a slurry [Dick et al., 2008] . The mobility of serpentine muds has been observed in the Marianas [Fryer et al., 1999] and inferred at rifted margins [Reston et al., 2004b] .
[32] The increasing number of observations or interpretations of gabbros within OCCs [Dick et al., 2000; Reston et al., 2002; Ildefonse et al., 2007; Canales et al., 2008; Planert et al., 2010] does not imply that the magmatic crust at segment ends is thicker than previously supposed, but may rather indicate that the detachment system tends to transfer the bulk of the oceanic lower crust to the footwall and the overlying basalts and dikes to the hanging wall, providing strongly asymmetric accretion [Tucholke and Lin, 1994 [33] The numerical models discussed above show that as the footwall begins to flex, the hanging wall is deformed to form a basin against the footwall (Figure 13c ). If this basin remains empty, much of the flexure and rotation of the footwall occurs in the portion of the footwall that has been exposed, whereas if the basin is filled by new extrusives, basaltic crust is juxtaposed against the flexed and rotating footwall, potentially burying the point at which the fault reaches the locking angle. As magmatism increases, as might be expected toward the center of a segment, it will be more likely that the fault will reach the locking angle in the subsurface and be abandoned. The fault propagating up to the surface from the still active root zone will then transfer a slice of new magmatic basin fill (lava flows, pillow lavas, basaltic rubble) to the hanging wall to be rafted up and out of the basin with the footwall. The section incorporated into these fault blocks will thus depend on the depth where the new faults splay off the root zone and on the stratigraphy of the oceanic crust, but as the fault blocks taper downward, deeper portions of the magmatic crust such as sheeted dikes and gabbros are likely to be volumetrically underrepresented.
[34] Changing the basin fill from water to basalt also changes the density contrast between the basin fill and the asthenosphere, and thus affects the flexural parameter, the control on the wavelength and amplitude of the flexure [Turcotte and Schubert, 2002] . The flexural parameter is however mainly controlled by the elastic thickness of the plate. As the flexural parameter controls the geometry of the flexure, it also influences the location of the locking angle: the thicker lithosphere at the colder segment end is likely to rotate less rapidly than the thinner lithosphere toward the warmer segment middle, further increasing the likelihood that the fault partially covered with lavas will lock up in the subsurface in the middle of a segment before so doing toward the end (Figures 13 and 14) . [35] All these variables predict the same tendency: the locking angle is more likely to occur within the subsurface near the middle of a segment than at a segment end, so that a detachment system may switch from an OCC topped by a corrugated surface at a segment end, representing the exhumed footwall of a single large-offset fault, to a system where the "detachment" was active as a series of fault segments and overlain by a series of fault blocks. Thus not only is it possible that a detachment system continues laterally away from the corrugated surface beneath small fault blocks, but the change from an exhumed corrugated surface to a detachment system covered by rafted blocks is in keeping with thinner lithosphere, increased magmatism and reduced amounts of serpentinites toward the segment middle or at least toward a magmatic center (Figure 14) .
Conclusions
[36] The seismic depth images discussed in this paper show two styles of "detachment fault" that together may form a single fault system at the spreading center. The first detachment fault style is a large-offset normal fault where the footwall to the fault has been exhumed as a convex-up basement high, forming an oceanic core complex (OCC). The second detachment fault style has similar dimensions, but the detachment is covered by a series of comparatively small fault blocks. We propose that both types of detachment faults are likely to originate through a rolling hinge mechanism, caused by the flexure of the footwall during unloading. The key difference is whether the fault locks up at relatively high angle in the subsurface or not: if the fault does lock up, a new fault propagating from depth transfers a slice of the hanging wall to the footwall, the slice subsequently being rafted out of the median valley with the exhuming footwall; repetition produces an inactive "detachment" covered by a series of rafted fault slices.
[37] The switch from a nonlocking to locking fault is likely to be controlled by a combination of changing fault properties, especially the presence of low friction talc and serpentinites along the fault, laterally variable elastic thickness and changes in the amount of lavas filling in the basin adjacent to the fault. As all of these factors mean that faults are most likely to lock up within the subsurface at relatively high angles toward the middle of a segment (less talc and serpentine, weaker and more tightly flexed lithosphere, thicker sequences of lavas abutting the exhuming footwall). Thus toward the middle of segments, detachment faults may be present beneath a series of small fault blocks, whereas at segment ends, the detachment does not lock up in the subsurface, so that continued slip Figure 14 . Perspective view of one side of a slow spreading ridge segment, showing a lateral transition from the unroofed footwall of a detachment at the segment end (modified after Reston et al. [2002] following discussions at the Chapman conference in Cyprus, May 2010) to a detachment buried beneath a series of rafted blocks toward the segment middle. The detachment is continuous along strike, but deepens beneath rafted blocks toward the segment center. The formation of the rafted blocks moving toward the segment middle is controlled by the migration into the subsurface of the point where fault locks up. This deepening of the locking point results from increasing magmatism partially burying the fault, disappearance of weak serpentinites as magmatic crust becomes dominant and laterally decreasing elastic thickness moving away from the segment end.
even at low angles results in the exhumation of the footwall slip surface to form an OCC.
[38] The implication is that detachment faults may be present even where no corrugated surfaces are imaged with seafloor mapping techniques and where the seafloor topography is dominated by small tilted fault blocks. Detachment faulting may be more widespread at slow spreading ridges than generally interpreted from seafloor studies alone. However, whether detachments extend for whole segments or are laterally replaced by increased magmatism remains to be investigated.
